Current lot release testing of conventional vaccines emphasizes quality control of the final product and is characterized by its extensive use of laboratory animals. This report, which is based on the outcome of an ECVAM (European Centre for Validation of Alternative Methods, Institute for Health and Consumer Protection, European Commission Joint Research Centre, Ispra, Italy) workshop, discusses the concept of consistency testing as an alternative approach for lot release testing. The consistency approach for the routine release of vaccines is based upon the principle that the quality of vaccines is a consequence of a quality system and of consistent production of lots with similar characteristics to those lots that have been shown to be safe and effective in humans or the target species.
Introduction
The European Centre for Validation of Alternative Methods (ECVAM, Institute for Health and Consumer, Protection, European Commission Joint Research Centre, Ispra, Italy) organised a workshop on the consistency approach and its potential to reduce the number of animal tests used in the quality control of vaccines. The workshop took place on 17e19 May 2006 in Ispra, Italy.
A key element of current vaccine manufacturing practice is the consistent production of vaccine lots with similar characteristics to those lots shown to be safe and effective in the target species. The consistency principle is implicit in the licensing/registration process and was already identified early in the 20th century [1] . Adherence to this principle has resulted in the use of reference preparations, test guidelines and release criteria for those characteristics relevant for safety and efficacy. At the manufacturing level, quality systems ensuring consistency of production, such as current Good Manufacturing Practices (cGMP, which include parametermonitoring) and quality assurance (QA) principles, are now common. The ultimate goal of the quality control and regulation of prophylactic and therapeutics agents is to ensure that only safe and effective products appear on the market.
Characterisation of vaccines is more difficult than characterisation of pharmaceuticals, due to the complex molecular structure of the antigens they contain, their production processes, and their interaction with agents used during manufacturing and/or present in the final lot, such as preservatives and adjuvants. Consequently, in vivo quality control of vaccines has been more extensive, with emphasis on testing of the final product with animal assays purportedly predictive of product behavior in target populations. As a result, lot release testing of vaccines requires substantial numbers of laboratory animals of various species. It is estimated that worldwide use exceeds 5 million animals per year.
For more recently developed vaccines (e.g. polysaccharide conjugate vaccines, such as haemophilus b, pneumococcus and meningococcus vaccines), a better handle on consistency in production through in-process testing has allowed simplification of release protocols [2] , in particular related to the use of in vitro tests, whilst maintaining the capacity to demonstrate equivalency with the clinical lots. We believe that, for various reasons, the concept can be extended to vaccines that have already been on the market for quite a long time (e.g. toxoid vaccines, polio vaccines, Leptospira vaccines); however, some aspects have still to be examined [3] .
The workshop discussed the following topics: what is the consistency approach, what are the elements of this approach, what are the quality standards for implementation, what are the pitfalls, who are the stakeholders and what are their respective roles and finally, what is the roadmap to successful implementation? The outcome of these discussions and the recommendations given by the workshop participants are summarised in this report.
Consistency approach: definition and reasons for use
Consistency is an old concept that aims to ensure the uninterrupted release of safe and efficacious products. The following performance description of consistency can be given when used as a new approach to routine lot (¼batch) release testing of the traditional vaccines: The consistency approach implies the use of a set of parameters to constitute a product profile (e.g. antigen content, antigen integrity, etc.) that can replace current release tests. The product profile is established to the satisfaction of the regulators at the time of licensing, and is monitored throughout production under a strict quality system. The product profile ensures that each batch or lot released is similar to a manufacturer-specific vaccine of proven clinical efficacy and safety, with respect to all characteristics agreed upon at licensing between manufacturer and regulator. This approach may lead to a reduction in animal use, since a narrow set of animal bioassays per final lot, with potentially limited power to predict vaccine behavior in the target populations, may be substituted by a battery of meaningful tests with enhanced capacity to measure equivalence with lots of proven safety and efficacy [4] . The consistency approach makes use of progress that has been made in bioanalytical and other assay methods [5, 6] .
Quality systems applied during vaccine production, as well as accompanying analytical tools, have experienced considerable improvement in their ability to monitor the consistency of critical characteristics of vaccines from batch to batch (cGMP, QA, etc.) [7] . Therefore, the workshop concluded that the consistency approach could now be within the realm of routine lot release testing. Additional reasons to support this paradigm shift are associated with aspects or flaws of the animal model used:
Relevance: We now better understand the limitations of laboratory animal models to measure vaccine characteristics relevant for predicting their safety and efficacy in humans and target animals (in the case of veterinary vaccines). In fact, several of the models in use have never been properly validated as regards their predictive value for clinical efficacy [8] . Ethics and costs: The use of laboratory animals poses ethical concerns, is expensive, time consuming and requires skilled staff and sophisticated experimental facilities. Reference preparation: Some of the currently used animal models that include the use of an international reference preparation do not meet the fundamental criteria defined by Jerne and Maaløe [9] for bioassays that test and reference vaccine should behave as unknown dilutions of each other.
It is believed that the extension of the consistency approach to conventional products will (a) introduce a more stringent system to manage the quality of the vaccine lots produced and (b) lead ultimately to a substantial reduction in animal usage. This approach aims to identify the critical indicators of a safe and effective product and to monitor these indicators during production, thus reducing the need for extensive final lot testing, often associated with the use of animals. Consistency builds on elements of information obtained during product development (including clinical testing) and routine production using suitable analytical tools and the continuous evaluation of data generated over time (trend analysis).
Quality elements to be considered for implementation of the consistency approach
In order to limit or eliminate in vivo testing through the building of a consistency approach for lot release purposes, the following elements should be evaluated.
Clinical criteria
The profile of all lots for commercial release should be consistent with the profile of lots shown to be efficacious and safe in clinical studies performed under current Good Clinical Practices (cGCP). This approach is applicable to newly developed products. For older products for which clinical data were not established according to cGCP, one could refer to historical data and post-marketing surveillance information, which must have been suitably designed for the purpose.
Manufacturing criteria
Vaccine lots should have been demonstrably produced in a consistent way according to the approved registration file and following cGMP. This involves all production steps, appropriate process validation, environmental monitoring, personnel qualifications and QA supervision, including internal audits and inspections performed by Regulatory Authorities.
Testing criteria
Only scientifically meaningful, non-redundant tests that measure characteristics associated to safety and efficacy, as well as additional tests that address consistency of the production process, should be included in the generation of the product profile. The tests must be properly validated and performed in the context of a QA system. This product profile should be discussed as early as possible with the regulatory bodies. It should be noted that although release specifications should be included in the product profile, tighter limits for the same parameters might be used to establish and monitor consistency, as it is described for example in the European Pharmacopoeia (Ph.Eur.) monograph for human vaccines [10] ; while release specifications are mainly based on the behavior of the clinical consistency lots in the tests, consistency limits are based on trending data.
For more complex vaccines, containing conventional components and/or certain types of adjuvant, it may be necessary to perform limited immunogenicity studies in a small number of animals as part of the final product testing. Also, if manufacturing changes occur, the need for in vivo testing, at least for a limited period through which consistency is being re-demonstrated, should be re-assessed.
Application criteria
The most obvious application of the consistency approach is in the routine release of product. However, this approach could also be applicable to stability testing under certain circumstances. For example, the approach could be applied during stability studies to confirm consistency with the product profile. For a specified number of lots this might be complemented by re-assessment of stability by in vivo testing. It should nevertheless be clear that if such an approach were to become current practice the system should be rethought for certain kinds of products.
Quality standards in the consistency approach
Testing is only one component of an operational quality system, which includes careful validation and maintenance of the manufacturing process that produced lots of vaccine shown to be clinically safe and effective. Nowadays it is a well-established philosophy that the quality of a vaccine is not ensured by testing alone, but rather built through the strict application of the quality assurance system. The consistency approach reinforces this vision and extends it to other activities in the vaccine life-cycle, such as the field history of the vaccine, established before licensing by clinical studies of more than one lot of product on trial, and after licensing, by programs of pharmacovigilance. The importance of complete and accurate written procedures and the existence of a system that evaluates the effect of changes in the production process cannot be over emphasized.
As mentioned above, although release specifications are useful tools to establish consistency of manufacturing, other in-process characteristics and parameters measured on the intermediates and the final product may also contribute to the assessment of consistency. Manufacturers should have established, as part of a quality assurance system, procedures and set control limits (e.g. alert limits, action limits) for controlling the performance of any meaningful parameter over time. Release specifications should not be confused with quality control limits. Release specifications are defined during product development and tend to be less conservative than some quality control limits, although both are based on the accumulated experience of both the manufacturers and the regulators. Sometimes both types of parameters are set on a provisional basis at the time of licensing and can only be fully defined after a sufficient number (decided on a case-by-case basis) of lots are manufactured. For the same parameter, the buffer zone between quality control limits and release specifications allow the manufacturer to investigate deviation from control limits and correct their root causes without sacrificing numerous batches. Additionally, the existence of quality control limits, in addition to specifications, allows the manufacturer to improve consistency over time, without the need for a formal change in specifications that could entail the performance of additional clinical or animal studies.
Extended acceptance of the consistency approach will require a profound review of the current system of international standardization [11] . A fundamental first step in international harmonization is the recognition of the validity of the proposed approach. Once the approach has been endorsed internationally, publication of guidelines explaining its operative details is of utmost importance.
One of the most misunderstood parts of the consistency approach is the role of physical standards in potency testing. Because the consistency approach intends to establish a link between the clinical lots and subsequent batches of vaccine, it is often assumed that there is a need for a stable clinical lot that could be used as standard or control. In reality, what is assessed in the consistency approach is the similarity of the potency or activity of every batch manufactured after licensing to that of one or more lots shown to be safe and effective. For this purpose, if the manufacturer and the regulatory authority so decide, limits of acceptance can be calculated relative to a standard vaccine of known behavior. This batch of vaccine may or may not be a clinical lot, and can be replaced whenever it becomes necessary, provided that the activity of the new reference is adjusted with respect to that of the old reference. This is similar to the way International Standards are currently used. However, it should be noted that results obtained for one type of vaccine may not be comparable with results obtained for a different type of vaccine, if what the potency test is measuring is not a surrogate of efficacy in the target population; therefore, homologous standard vaccines for each type of product may be required. A multinational organization could maintain and distribute these reference vaccines.
Potential and perceived pitfalls of the consistency approach
Because even modern vaccines are products of a complex nature, the use of non-animal alternatives for the laboratory prediction of their efficacy in the field is considered sometimes to be imperfect. Whilst the consistency of biochemical or immunological characteristics of individually purified antigens or separable antigenic components can be established with relative ease, the combination of antigens and the addition of excipients could hinder the meaningful use of in vitro testing to assess antigen quality in the final product [12] , although new developments might allow progress in this area [13, 14] . This limitation is invoked to justify the use of a full-blown relative potency test in animals for the batch release of at least some vaccines. However, the impact of the potential shortcomings of in vitro testing, or limited animal testing, on product characterisation may be lessened in the consistency approach by the use of all relevant information available throughout the manufacturing process from raw materials through the final formulation step. Moreover, although in some instances the value of animal testing cannot be denied, in others its power to predict safety and/or efficacy in the target population is limited. If the predictive power of an animal test is limited, the consistency approach favors the selection of an alternative, since in this approach any test, including refined animal tests for potency applied to the final product, is only part of a battery of assays scientifically designed to provide the greatest assurance that the vaccine will be effective in the target species. Care should be exercised when deciding on the acceptable outcome to be measured in the tests composing the product profile. These tests must be relevant and indicative of the quality and quantity of the product. Simplification and/or disregard of the scientific findings in an effort to reduce or eliminate the use of animals in potency testing must be avoided in order to maintain the credibility of the consistency approach.
While routine batch release is generally amenable to the consistency approach, sometimes the use of fully developed animal-based potency tests may offer obvious advantages. For example, on those occasions when a test with good predictive power for efficacy is used during licensing or is applied to justify major changes in vaccine formulation or manufacturing processes of a licensed vaccine.
Role of stakeholders and need for harmonization
For many years the recommendations adopted by the World Health Organization (WHO) Expert Committee on Biological Standardization (ECBS) have been used as the basis for National Regulations for vaccines for human use around the world. On the other hand, while the Ph.Eur. elaborates product monographs mandatory only for countries that signed the convention of the Ph.Eur., WHO has often followed approaches closely resembling those included in Ph.Eur. documents, particularly when modern, better-characterized products are described. The participants of the workshop are well aware that method harmonization is more difficult at the world level, owing to different levels of technical development. However, they propose that Ph.Eur. takes the lead in encouraging WHO, in their frequent formal and informal interactions, to unequivocally endorse the consistency approach for vaccine regulation, reinforcing also the sponsorship of the Three Rs as a guiding principle for test development.
Adopting the consistency approach will confer flexibility to the thought process through which a manufacturer selects an alternative for its inclusion in the product profile to be discussed with the regulator during licensing. If the status quo remains in place, the practice in some countries of adopting vaccine-testing strategies inconsistent with WHO recommended designs will continue and may even expand.
Participants believe that, on occasion, vaccine manufacturers and regulators in developing countries and those with emerging economies oppose the adoption of in vitro alternatives because of the misconception that animal testing is less expensive and easier to do than in vitro testing. However, the costs associated with breeding, housing and handling of animals in conditions that meet current standards are often overlooked. On the other hand, it was recognized that sometimes the purchase costs of reagents and equipment used for alternative tests, such as ELISA, could be prohibitive.
It was also acknowledged that some degree of consistency of manufacturing is currently included in the contract established between manufacturers of products for animal use and the corresponding regulatory authority. Although manufacturers of these types of products may not be bound by cGMP, which only apply in a strict sense to the manufacturing of vaccines for human use, analogous regulations are in place in some countries and the situation is still evolving.
It was agreed that ICH and VICH-generated documents have played a significant role in harmonizing procedures and concepts among participants of these multilateral organizations. However, the impact of their decisions on the design of vaccine quality policy in less developed countries is reduced, because both organizations are perceived as catering to the interests of official members, which are all developed countries.
The group recognized that the WHO and Ph.Eur. practice of providing reference materials to which international units of activity have been assigned may have to be abandoned for certain products regulated through the consistency approach. However, there may still be a need to ensure the availability of some reagents (e.g. reference sera or monoclonal antibodies).
Recommendations
1. Harmonization of the consistency approach between Manufacturers and Regulatory Authorities (e.g. European Union Member States, WHO, USA) is required. This can be achieved by communication between all involved parties at an early stage and the establishment of international guidelines (WHO). There should be a mechanism in place for training the different parties to ensure a homogenous approach. 2. The consistency approach should be seen as a dynamic process that re-evaluates and/or adapts the product profile. 3. The implementation process should consist of: (a) definition of the product profile on the basis of equivalence to clinically tested lots and in agreement with the Regulatory Authorities, (b) generation of data on a suitable number of lots, (c) introduction of a variation file, and (d) approval by the Regulatory Authorities. International recognition is a way to establish harmonization. 4. Analytical tools and performance standards should be developed that are able to demonstrate any deviation from consistency of production and any change in product profile agreed upon at licensing. 5. Sub-potent lots can be a useful tool during the development phase of analytical tests. These lots can be used for validation purposes. However, there is no need to use them in routine lot release testing. 6. There should be an incentive at both the level of the Manufacturer and the Regulatory Authorities to move towards this consistency approach. Lack of appropriate in vitro analytical tools for consistency testing should encourage a special program of research. In this context, the importance of the economic impact must not be neglected.
